Summary. The effects of tenotomy on the surface morphology of muscle fibers including myotendinous junctions in the rat soleus muscle were studied by scanning electron microscopy (SEM). Using potassium hydroxide (KOH) and collagenase, the extracellular materials were successfully removed to expose the surface of muscle fibers. When the soleus muscle was tenotomized at both proximal and distal ends, virtually all muscle fibers showed marked alterations of the fiber surface characterized by the formation of numerous transverse grooves and folds along their length. Narrow longitudinal grooves and folds of the sarcolemma were also observed. At myotendinous junctions, the fiber ends showed an overall rounded shape with several short sarcoplasmic processes, indicating that the processes were significantly retracted. These changes were clearly recognizable at 5 days after tenotomy, and most apparent at one week. Thin-section electron microscopy of the same SEM samples demonstrated that such folding of the sarcolemma was not directly related to the sarcomere pattern of the underlying myofibrils, suggesting that, once formed, the folds and grooves were retained for a certain period of time. At 2 and 3 weeks the surface morphology of the fibers underwent a recovery process of restoring the smooth surface on which the crossstriations of the underlying myofibrils were seen. At the fiber ends, sarcoplasmic processes regrew into slender, wavy and short forms. Such sarcoplasmic processes were greater in number and more elaborate than those in the control muscle. At 5 and 6 weeks the fiber surface resumed an almost normal morphology, except that the sarcoplasmic processes at the fiber end were still shorter and more numerous than those in the control. These observations support our previous results obtained by thin-section electron microscopy that the myotendinous junction undergoes a series of morphological changes of collapse and regrowth of the sarcoplasmic processes, reflecting changes in the underlying myofibrils. In conclusion, the changes in the surface morphology of tenotomized muscle fibers were well correlated chronologically to those of myofibrils such as the central core lesion.
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Experimental tendon transection of the soleus muscle has drawn the attention of many muscle researchers because of the unique pattern of myofibrillar degeneration in the muscle fibers (MCMINN and VERBOVA, 1962; ENGEL et al., 1966; RESNICK et al., 1968; SHAFIQ et al., 1969; KARPATI et al., 1972; BAKER and HALL-CRAGGS, 1980; MCLACHLAN, 1983; WROBLEWSKI and EDSTROM, 1983 ; JOZSA et al., 1988; BAKER and POINDEXToR,1991) . As such degenerative changes resemble some of myofibrillar alterations seen in certain myopathies of the human, the tenotomized muscles have come to be studied as an experimental model of human myopathies. The soleus muscle fibers are highly susceptible to tenotomy causing degenerative changes of the myofibrils-known as the central core lesion-with nemaline-like Z-disc thickening (SHAFIQ et al., 1969) . In the tenotomized rat soleus, muscle fibers undergo a series of ultrastructural changes. These become most extensive between 5 and 10 days postoperative, followed by a process of recovery (KARPATI et al., 1972; BAKER and HALL-CRAGGS, 1980) . Our previous work on the myotendinous junction of tenotomized soleus muscles demonstrated the characteristic retraction of sarcoplasmic processes coupled with the myofibrillar disintegration basically similar to the central core lesion at the middle part of muscle (ABou SALEM et al., 1993) . 50 E. A. ABOU SALEM, K. SArro and H. ISHIKAWA:
It should be recognized that the tenotomized soleus muscle shortens by as much as two-thirds of its original length. Nevertheless, in the tenotomized muscle only the central core lesion has been recorded, while the peripheral myofibrils have been thought to remain rather intact. It is hard to reconcile such spatially limited disruption of myofibrils with the extensive shortening of muscle caused by tenotomy. To our surprise, no particular attention has been paid to changes in the surface morphology of muscle fibers in the tenotomized muscle. Hence the present study aims to three-dimensionally examine surface changes in muscle fibers, including myotendinous junctions after tenotomy, as revealed by scanning electron microscopy (SEM) combined with improved specimen preparation using a KOH-collagenase method.
MATERIALS AND METHODS

Animals:
Adult male Wistar rats were used for this study. All animals were kept under the same environmental conditions. For tenotomy, animals were intraperitoneally anesthetized with sodium pentobarbital (45 mg/kg) and both proximal and distal tendons of the soleus were transected (BAKER and HALL-CRAGGS, 1980) with standard antiseptic precautions. Through a small posterio-lateral skin incision at the knee, the proximal tendon of the soleus was cut with a scalpel while the lateral head of the gastrocnemius was pulled medially. Subsequently the distal tendon was transected through a small midline skin incision by cutting the entire tendo Achillis. Special care was taken to avoid any damage to the nerve and blood supply to the muscle. Scanning electron microscopy: Eight groups of six animals each were used at different time intervals after tenotomy of 3 and 5 days, 1, 2, 3, 4, 5 and 6 weeks. Each animal was anesthetized as described above. The soleus muscle was exposed and fixed in situ in a stretched state with the foot dorsally flexed with 1/2 Karnovsky's fixative containing 2.5% glutaraldehyde and 2% formaldehyde in 0.1 M sodium cacodylate buffer (pH 7.3) for 30 min. The whole muscle was then excised and processed as one piece for the tenotomized muscle, while the control muscle was cut into upper and lower halves. The tissues were immersed in fresh fixative for additional 2 h at room temperature and then for three days at 4C.
In this study, a KOH-collagenase digestion method was used to remove the extracellular matrix of connective tissue (MILLER et al., 1982) . According to the method modified by UsHIKI and IDE (1988) , the tissue strips were incubated for 20-30 min in 25% KOH at 60C. This method was chosen, because KOH removed almost all extracellular materials and better preserved the morphological integrity of the muscle tissue without separating a muscle bundle into individual fibers. After KOH digestion the tissue strips were washed in 0.1 M phosphate buffer, pH 7.2, and incubated in 1 mg/ml collagenase (Sigma type II) in 0.1M phosphate buffers, pH 7.2, at 37C for 1h. The tissues were washed in 0.1 M phosphate buffer and postfixed in 2% aqueous OsO, for 2h at 4C. Following rinsing in distilled water, the tissues were dehydrated in graded concentrations of ethanol, and critical point-dried in CO2. After sputter coating with gold, the specimens were examined with a Hitachi S-2300 scanning electron microscope at an accelerat- Fig. 2 . Thin-section electron micrograph of longitudinally cut muscle fibers at 1 week after tenotomy. The muscle fiber shows the central core lesion (CL), which is sharply demarcated from peripheral intact myofibrils W). Note the elaborate folding (arrows) of the sarcolemma. Thin-section electron microscopy: Four animals were used at one week after tenotomy. Each animal was anesthetized as described above. The hind limb was fixed by perfusion through the descending thoracic aorta with 200 ml of 1/2 Karnovsky's fixative containing 2.5% glutaraldehyde and 2% formaldehyde in 0.1M sodium cacodylate buffer (pH 7.3). The entire soleus muscle was then excised and cut into 1 mm-thick strips. The tissue strips were immersed in fresh fixative for an additional 2 h at room temperature and then overnight at 4C. After washing with 10% sucrose in 0.1 M cacodylate buffer at 4C, the tissue strips were postfixed with 1% OsO, in the same buffer for 2_h at 4C, stained en bloc with 0.5% aqueous uranyl acetate for 2h at room temperature, dehydrated in graded concentrations of ethanol and then embedded in Epon 812. Thin sections were cut, stained doubly with uranyl acetate and lead citrate and examined with a Hitachi H-800 type electron microscope at an accelerating voltage of 100 kV. Some of the SEM samples were processed for thin-section election microscopy.
After observation with the SEM, the samples were re-embedded in Epon and cut into thin sections.
RESULTS
Middle part of tenotomized muscle
In the tenotomized soleus muscle, the middle portion of a muscle fiber underwent characteristic morphological changes known as the central core lesion as demonstrated by thin-section electron microscopy ( Fig. 1) . The central core lesion was characterized by the disorientation and disintegration of myofibrils with thickening and rod formation of the Z-discs. Such myofibrillar disintegration was found as early as 5 days after tenotomy, becoming more extensive at one week, to be followed by a course of rapid recovery. Myofibrils in the peripheral region remained almost intact, being sharply demarcated from the central core lesion (Feg. 2). In SEM of the control soleus muscle, muscle fibers appeared as cylindrical units arranged in parallel bundles. Treatment with KOH and collagenase II removed virtually all the extracellular matrix including the basal lamina, thus exposing the outer surface of the muscle fibers (Fig. 3a) . The surface of normal muscle fibers showed characteristic cross-striations reflecting the underlying myofibrils (Fig. 3b) . No transverse folds of the sarcolemma were seen along any fiber. Instead, the fiber surface occasionally showed networks of grooves, which were considered to correspond to a capillary network as based on their outline, dimension, and course (ISHIKAWA et al., 1983) . Indeed such grooves became more apparent and deeper on the fiber surface when the muscle was fixed by perfusion.
When the soleus muscle was tenotomized, the muscle fibers showed a characteristic folding of the sarcolemma along their entire length. There was no wide expanse of smooth surface because of frequent transverse folds and grooves-which were never seen in the control muscle. Such folds and grooves appeared 3 days after tenotomy (Fig. 4a, b) . The transverse grooves were often formed periodically along the fibers. At 5 days after tenotomy, large transverse folds and grooves of the sarcolemma were seen to extend around the circumference of muscle fibers (Fig. 5a, b) . Many narrow longitudinal grooves were also formed, spanning for short distances and often traversing the transverse grooves (Fig. 5b) . Sarcomeric cross-striations were rarely seen on the fiber surface. Interestingly, some fibers showed a characteristic twisting with the deep part of a groove situated next to a shallow part of a neighboring one (Fig.  6a) . In such fibers, the regular sarcomere pattern appeared between transverse grooves in such ways that the underlying myofibrils ran obliquely to the fiber axes (Fig. 6b) . The myofibrils were alternately directed from one span between the grooves to the next. Capillary grooves, also seen, were easily distinguishable from the sarcolemmal folds. At 1 week after tenotomy, the sarcolemmal folding was most extensive with an increased number of folds or grooves (Fig. 7a) . Many small transverse folds and grooves formed between large transverse folds and grooves. Such small folds spanned for short distances, while the large grooves often completely surrounded the muscle fibers. No cross-striations of the underlying myofibrils were seen on the fiber surface, on which many transverse folds were formed (Fig. 7b) . The cross-striations were visible only in those areas lacking such folds. Alternately aligned cross-striations were no longer recognized at this stage. Capillary grooves were also prominent. To see how such surface folding is related to the underlying myofibrils, the same samples previously examined by SEM were embedded in Epon and cut into thin sections. The transmission electron microscope observations revealed that the sarcolemmal folds and grooves were formed independently of the sarcomere pattern of the underlying myofibrils (Fig. 8) .
At 2 and 3 weeks after tenotomy, muscle fibers showed early signs of recovery. The fiber surface became more or less smooth with occasional sarcolemmal folds (Fig. 9a) . The cross-striations were readily visible on the fiber surface, except on the sarcolemmal folds.
At 5 and 6 weeks after tenotomy, the surface morphology of muscle fibers returned to normal. The sarcolemma became smooth, showing prominent cross-striations of the underlying myofibrils (Fig. 9b ). Capillary grooves were only occasionally seen as shallow grooves as seen in the control muscle.
Myotendinous junction in tenotomized muscle
The KOH collagenase treatment removed all extracellular materials at the myotendinous junctions -including the tendon tissue-to reveal the surface elaboration of the fiber ends. In the normal soleus muscle, the fiber ends assumed an overall distorted conical shape because of their oblique termination onto the tendon. Two distinct domains of surface were recognized at the fiber end: a junctional domain and a non-junctional one. The junctional domain faced and attached itself to the tendon, and was thus characterized by the formation of many sarcoplasmic processes and clefts (Fig. 10) , as also observed by thin-section electron microscopy. The sarcoplasmic processes varied in size and length. The proximal part of these sarcoplasmic processes often showed characteristic cross-striations on their surface. Between these processes, clefts extended longitudinally and superficially. The non-junctional domain facing the neighboring muscle fiber was the continuation of the lateral surface of the fiber, thus these were smooth without narrow sarcoplasmic processes up to the very end of the fiber. The non-junctional domain was the longest part of the fiber end (Fig. 10) , forming a large plate-like projections. The cross-striations were visible on the sarcolemma facing the neighboring fiber. At 5 days after tenotomy, the ends of muscle fibers showed marked changes; the sarcoplasmic processes collapsed, becoming shorter and less pointed, and the number of the processes drastically decreased as compared to those in the control (Fig. lla) . No narrow processes were seen at the peripheral part of the junctional domain. Deep cavities were formed between the stocky processes. The non-junctional domain of the fiber end formed transverse or irregular folds and grooves, so that the cross-striations could not be seen.
At 1 week after tenotomy, the fiber ends further collapsed, becoming more rounded in overall shape than those at 5 days. The sarcoplasmic processes retracted to form several large processes, between which deep cavities were seen in the junctional domain (Fig. lib) . No narrow processes were found. Transverse and longitudinal grooves were formed even on the surface of such processes. The nonjunctional domain also formed a collapsed and thick plate-like projection surrounding the cavities in the junctional domain.
At 2 and 3 weeks after tenotomy, a recovery process could be recognized at the fiber ends. One of the early features of this recovery wes the appearance of many slender sarcoplasmic processes on the junctional domain of the fiber end. At 2 weeks, the junctional domain was still confined to a small part on one side showing the overall round shape (Fig. 12) . The sarcoplasmic processes were very small in size and varied in outline. The population density of the sarcoplasmic process appeared to be greater than that of the control. The non-junctional domain still remained a thick plate-like process at 2 weeks, but underwent the recovery process with time.
At 4 and 6 weeks after tenotomy, the recovery process was almost completed, resuming the distorted conical form of the fiber end characteristic of the normal fiber (Fig. 13) . The sarcoplasmic processes were elongated and tapered in shape, though they were still more numerous and shorter than those in the control. The non-junctional domain returned to its normal morphology. The fiber surface became smooth with prominent cross-striations on it. Such changes occur as early as 3 days after tenotomy and become most extensive at one week, followed by a course of rapid recovery.
To our knowledge no detailed studies have been conducted on the surface morphology of muscle fibers in the tenotomized muscle. Indeed the surface changes have escaped the attention of muscle researchers because of the occurrence of the drastic disintegration of myofibrils induced by tenotomy, well known as the central core lesion. Moreover, researchers have encountered some difficulties in exposing the fiber surface, the sarcolemma, by removing completely the extracellular matrix including the basal lamina around the muscle fibers. Among methods tested, the KOH-collagenase method recently modified by USHIKI and IDE (1988) has provided the best and most consistent results. Treatment with HCl alone (DESAKI and UEHARA, 1981; OKI et al., 1990 ), HCl-collagenase (EVAN et al., 1976 TROTTER et al., 1985) , or nitric acid (TAMAKI et al., 1989 (TAMAKI et al., , 1992 were not satisfactory for our study because collagen fibrils in the tendon and around the Fig. 13 . Myotendon junction at 6 weeks after tenotomy. The sarcoplasmic processes assume an almost normal shape (arrows), except that they are still shorter and more numerous then those of the control. The non-junctional domain (NJ) also shows a normal morphology.
myotendinous junction were not completely removed, and muscle fibers were dissociated into individual fibers. After tenotomy the overall length of the soleus muscle decreases to about two-thirds the original length. It is very possible that the observed transverse folding of the fiber surface may reflect the tenotomy-induced shortening, which is different from the shortening during contraction (ISHIKASWA, 1975) . The occurrence of a characteristic twisting in some fibers at early stages after tenotomy deserves much attention. When the loss of tension induces a passive shortening of muscle fibers, such twisting may be one manner of shortening without structural damage to peripheral myofibrils. However, such twisting may account for the selective disintegration of myofibrils deep in the central region while the peripheral myofibrils remain generally intact structurally. It is interesting to note that there is no probable way for the deep myofibrils to be accomodated to fiber shortening except that they disintegrate. It remains to be seen if all the fibers follow the twisting at early stage after tenotomy. The twisting may be induced through structural connections between the sarcolemma and peripheral myofibrils as demonstrated by thin-section electron microscopy (FUJIMAKI et al., 1986) . At the early stage after tenotomy, such connections may be maintained enough to give rise to twisting. Subsequently, the connection may be lost, resulting in the formation of extensive transverse folds and grooves and the disappearance of myofibrillar cross-sections on the fiber , surface as shown in the present study. Interestingly, thin-section electron microscopy of the same SEM samples showed that transverse folds and grooves on the fiber surface were not directly related to the underlying myofibrils. This observation suggests that the folds and grooves, once formed, are retained for a certain period of time.
SEM visualization of the myofibrillar cross-striations on the fiber surface does not mean that myofibrils are directly exposed to the outside. SEM detects some amounts of reflected electrons besides secondary electrons, the former of which may be reflected from the most superficial myofibrils through the sarcolemma (IsHIKAwA et al., 1983) . This interpretation is supported by thin-section electron microscopy of the same SEM samples. When the outermost myofibrils are situated far beyond a certain distance from the sarcolemma, no cross-striations are discernible on the fiber surface-as in muscle fibers at one week afrer tenotomy.
Tenotomy induces drastic changes in surface specialization at the fiber end. The present SEM observations have confirmed our previous findings obtained by thin-section electron microscopy (ABou SALEM et al., 1993) . SEM has further provided three-dimensional images of the elaborate morphology of the fiber end. Undoubtedly, the loss of tension induces the collapse of many narrow sarcoplasmic processes to form several large, short processes followed by the regrowth of slender processes with a population density higher than the control. Clearly the elaborate surface specialization is maintained dynamically through tension applied between the muscle and the tendon. In conclusion, the present study has demonstrated that the morphological changes in the fiber surface after tenotomy are well correlated in time course to those in deep myofibrils. It should be noted that the responses of these two remote structures to tenotomy progress simultaneously with "intact" peripheral myofibrils interposed. Even with the possible explanations discussed here, some fundamental questions remain. For example, how can the fiber shortening be explained with the persistence of "intact" peripheral myofibrils during the entire course of tenotomy?
Are many sarcomers eliminated from such "intact" myofibrils?
How is tension exerted on muscle fibers once the tendon is reconnected?
Answering these will necessitate a careful morphological examination of individual muscle fibers along their entire length.
